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MorphogenesisCell rearrangements shape organs and organisms using molecular pathways and cellular processes that are
still poorly understood. Here we investigate the role of the Actin cytoskeleton in the formation of the Dro-
sophila compound eye, which requires extensive remodeling and coordination between different cell types.
We show that CYFIP/Sra-1, a member of theWAVE/SCAR complex and regulator of Actin remodeling, controls
speciﬁc aspects of eye architecture: rhabdomere extension, rhabdomere terminal web organization, adherens
junctions, retina depth and basement membrane integrity. We demonstrate that some phenotypes manifest
independently, due to defects in different cell types. Mutations in WAVE/SCAR and in ARP2/3 complex sub-
units but not in WASP, another major regulator of Actin nucleation, phenocopy CYFIP defects. Thus, the
CYFIP-SCAR-ARP2/3 pathway orchestrates speciﬁc tissue remodeling processes.nck), angela@igbmc.fr
work.
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
During development, tissues are dynamically remodeled to shape
organs and eventually organisms. Furthermore, building complex tis-
sues made of specialized cell shapes and function imposes speciﬁc
physical constraints among the different cell types and subcellular
domains. This process depends on local and directed action of gene
products controlling cell motility, shape changes and adhesion,
prime candidates being the pathways that control the Actin cytoskeleton
(Etienne-Manneville and Hall, 2002; Heasman and Ridley, 2008). For
these reasons, it is important to disentangle the role of the different
Actin remodeling pathways, their impact on the participating cell types
and their speciﬁc subcellular requirements.
We here focus on a process involving an exceptional degree of pre-
cisely coordinated remodeling: the development of the Drosophila com-
pound eye, a complex and highly organized tissue composed of about
800 units called ommatidia. Each ommatidium contains a ﬁxed numberof photoreceptor neurons, cone cells, as well as primary (1°), secondary
(2°) and tertiary (3°) pigment cells. After cell fates are established, cells
reorganize dramatically before they reach their ﬁnal position and mor-
phology. Cone cells close above photoreceptors (PRs) and ensheathe
them. The apical pole of the enclosed PRs rotates by 90° and the expand-
ing apical membranes organize into a packed stack of Actin-containing
microvilli, the rhabdomere. This light-sensitive organ starts forming dis-
tally and subsequently elongates proximally toward the retina base. 2°
and3° pigment cellsﬂatten their feet in order to contribute to the forma-
tion of the retina basement membrane, also termed fenestrated mem-
brane (FM), another Actin-based structure, which separates the retina
form the brain. Hence, each retinal cell type undergoes extensive and
speciﬁc morphogenetic events required for their function, and this pro-
cess requires a high degree of coordination between participating cells.
We here address the role of Actin cytoskeleton in eye morphogen-
esis using Drosophila mutants of established Actin organizers. The
CYFIP/Sra-1 protein (hereafter termed CYFIP) is a subunit of the
WAVE/SCAR complex required for ARP2/3-dependent Actin nucle-
ation (for reviews see (Blagg and Insall, 2004; Stradal et al., 2004)).
Since ﬂy CYFIP is indispensable for integrity and function of the
WAVE/SCAR complex (Schenck et al., 2004) CYFIP mutants provide
an ideal tool to start tackling the function of Actin remodeling in
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tional mutants and rescue approaches we show that, in the photore-
ceptor, CYFIP controls speciﬁc aspects of architecture and promotes
rhabdomere growth. In pigment cells, it prevents photoreceptors
from falling into the brain. Finally, mutations in another major regu-
lator of Actin nucleation, WASP, do not display the same phenotypes,
showing in vivo the speciﬁc requirement of the WAVE andWASP mo-
lecular machines within the same tissue and cell.
Materials and methods
Genetics
Wild type strains were w and Sevelen. CYFIP transposon insertion
line EP(3)3267 (Rorth, 1996) was provided by the Szeged Stock cen-
ter, GMR-Gal4, Lz-Gal4, ey-FLP; FRT82B w+, ey-FLP; FRT40A w+,
SCARΔ37 (Zallen et al., 2002), Arpc1Q25sd, Arpc1W108R, memGFP,
WASP1 and Def(3)3450 by the Bloomington Stock center. UAS-GFP,
GFP::Moesin (GFP fused to the Actin binding domain of Moesin, (Kar-
agiosis and Ready, 2004)) was a gift from D Kiehart. To generate CYFIP
null clones, an FRT82B CYFIP85.1 chromosome (Schenck et al., 2003)
and the eye-speciﬁc Flipase system (Newsome et al., 2000) were
used. To generate UAS-CYFIPRNAi ﬂies, an inverted hairpin construct
corresponding to CYFIP exon2 was cloned (sequence available upon
request) and transgenic lines obtained using standard protocols
(UAS-CYFIPRNAi2c (II), UAS-CYFIPRNAi4b (III)).
Western blot analysis
Heads were collected from pharate CYFIP85.1/EP(3)3267 and wt ﬂies,
smashed using a pestle in (150 mM NaCl, 20 mM Tris·HCl pH 7.5, 1 mM
EDTA, 0.1 mM MgCl2, 1% Triton X-100, protease inhibitors), followed by
a 10 minute incubation on ice. The supernatant of a 12,000 g centrifuga-
tion was brieﬂy sonicated, the equivalent of 4 heads was subjected to
SDS-PAGE (8% PAA) and blotting according to standard procedures. Anti-
bodies for Western blot analysis were: rabbit anti-CYFIP #1719 (1:200),
anti-Actin (1:4000) (SigmaA2066),mouse anti-β-tubulin (1:4000) (Che-
micon MAB3408), HRP conjugated secondary (Jackson) (1:5000).
Histology
Heads were dissected, ﬁxed 24 h in 2.5% glutaraldehyde, 4% para-
formaldehyde, Na phosphate buffer (0.1 M, pH 7.4), post-ﬁxed in 1%
osmium tetroxide in 0.1 M Na phosphate buffer, dehydrated
in graduated ethanol series and propylene oxide and embedded in
Epon. Semi-thin 2 mm sections were stained with toluidin blue,
70 nm ultra-thin sections were contrasted with uranyl acetate and
lead citrate, and analyzed using Philips EM208 electron microscope.
Electron microscopy
Pupae eyes were dissected in cold PBS and transferred to 200 μm
deep ﬂat carriers (Leica) ﬁlled with a 1:1 mixture of 20% bovine serum
albumin (Sigma) and yeast paste in PBS. Cryo-immobilization was per-
formed with the Leica EMPACT-2 high pressure freezing apparatus.
Freeze substitution was processed in the Leica AFS 60 h at −90 °C in
1% osmium tetroxide, 0.5% uranyl acetate, 0.5% glutaraldehyde and 2%
H2O in pure acetone. Temperature was slowly raised to −30 °C at a
3 °C/h rate. After 6 h at −30 °C, samples were extensively rinsed with
pure acetone and inﬁltrated in graded concentration of Epon 812.
When the concentration of the resin reached 70%, the temperature
was gradually raised to 20 °C (at a 3 °C/h rate). The inﬁltration was ﬁn-
ished by three incubations in pure Epon (2 h each). Blockswere left 48 h
at 60 °C for polymerization. Ultra-thin sections (50 to 70 nm) were col-
lected on carbon/formvar coated copper slot grids, contrasted as above.
Images were acquired with an Orius1000 ccd camera (Gatan) mountedon a Philips CM12 transmission electron microscope operated at 80 kV.
Scanning electron microscopy is analyzed with Phillips XL20 scanning
microscope.
Immunogold labeling
Freeze substitution was performed in 0.01% osmium tetroxide,
0.25% uranyl acetate, 0.25% glutaraldehyde in pure acetone 100 h at
−90 °C. Temperature was raised to−50 °C at a 3°/h rate and samples
left for incubation 6 h. Samples were extensively rinsed with pure
ethanol before resin inﬁltration that was performed with graded con-
centration of Lowicryl HM20 monostep (EMS). The resin was poly-
merized under UV light at −50 °C 48 h and at room temperature
48 h. Ultra-thin sections were collected on carbon/formvar coated
nickel slot grids and processed for IG labeling on the Leica EM-IGL au-
tomate. The immunogold experiment was performed in PHEM buffer
(60 mM PIPES, 25 mM HEPES, 20 mM EGTA, 2 mM MgCl2, pH 6.8) as
follows: 3 rinses in PHEM; blocking in 0.1% bovine serum albumin
(Sigma), 0.1% Cold Water Fish Skin Gelatin (CWFSG, Aurion) in
PHEM 30 min; 1 hour incubation in primary antibody (mouse anti-
Actin CLT9001, Cedarlane, diluted 1/150 or mouse anti-Armadillo,
DHSB, diluted 1/20 in 0.1% CWFSG) 6 rinses in PHEM; 1 hour incuba-
tion in gold conjugated Goat anti-mouse antibody (12 nm, Jackson
Immunoresearch); 6 rinses in PHEM; post-ﬁxation in 1% glutaralde-
hyde and extensive rinsing in distilled water. Grids were then slightly
contrasted with uranyl acetate before observation. For gold particles
counting, this ﬁnal step was omitted.
Immunohistochemistry
Heads were dissected and ﬁxed 20 min in formaldehyde 4%, incu-
bated in 10% and 25% sucrose 2 and 6 h, respectively, and embedded
in cryomedium. 20 mm cryosections were ﬁxed 10 m (formaldehyde
4%), permeated with 0.1% Triton X-100 PBS (PBST) and blocked 1 h
with 5% goat serum in PBST. Primary and secondary antibodies were
incubated over-night at 4 °C and 1 h at room temperature, respectively.
Anti-CYFIP was from A Gautreau (1:100). Antibodies against Crumbs
(1:50), Armadillo (1:50), Moesin (1:100), N-cadherin (1:200) were
from DSHB (University of Iowa). GFP::Moesin fusion protein was
detected with anti-GFP (1:500) (Molecular probes). Cy3 or FITC or
Cy5 secondary antibodies (Jackson) were used at 1:400. Actin cytoskel-
eton was detected with FITC-coupled Phalloidin (1:100) (Molecular
probes), nuclei with DAPI (Sigma).
Confocal microscopy
Slideswere analyzedwith Leica SP1UV confocalmicroscope. Images
of Drosophila eyes were taken on a Leica Macroscope M420 at seven
focal planes and assembled using a house developed software.
Image process and quantiﬁcation
Size of rhabdomere and organelle-free cytoplasm was measured
with ImageJ. Ommatidia 7 and 8 were excluded. Results were com-
pared with student's t test, excluding the extrema. p value under
0.05 was considered statistically signiﬁcant. Two independent trials
were done. For each genotype, minimum 2 eyes from 2 animals, on
different slides and 29 ommatidia were processed. Immunolabeling
and quantiﬁcations were run in parallel for wt and CYFIP eyes.
Results
CYFIP is essential for Drosophila retina architecture
The P-element insertion line EP3267 harboring a transposon inte-
grated in the CYFIP 5′-UTR is a hypomorphic semi-viable CYFIP allele,
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mozygous EP3267 adults display grossly normal morphology, but
show subtle anomalies in ommatidia organization with low pene-
trance (data not shown). The lethal transheteroallelic EP3267 and
CYFIP null (CYFIPΔ85.1) combination (Schenck et al., 2003) expresses
only residual amounts of CYFIP (Fig. 1A) and survives to the pharate
stage. With 100% penetrance, CYFIPΔ85.1/EP3267 (mentioned CYFIP-
hypo from now on) ﬂies show a striking phenotype (Fig. 1B): eyes
appear rough and, despite their white background, display dark lenses
in a speckled, random pattern indicating cone cell death (Korey and
MacDonald, 2003). Scanning Electron Microscopy (SEM) analyses
revealed that CYFIP-hypo ommatidia are occasionally misaligned or
fused to their neighbors (Fig. 1 C–D, inset). Some ommatidia lack the
typical smooth surface and instead show crater-like intrusions indica-
tive of lens material loss (Fig. 1D,D′, arrows). Finally, interommatidial
bristles are often bent and appear soft and ﬂat (Fig. 1D,D′, arrowhead
and data not shown).
Histology of CYFIP-hypo animals uncovered that several aspects of
internal eye morphogenesis are compromised (Fig. 2). In transversal
sections at distal levels of the retina, rhabdomeres appear bulky
(Fig. 2A,B, black arrows). Longitudinal sections revealed that CYFIP
rhabdomeres never span the entire retina (Fig. 2A′,B′). They either ac-
cumulate near the distal surface (Fig. 2B′, arrow) or underneath the
retina base (fenestrated membrane, FM) (Fig. 2B′, arrowheads) inFig. 1. Strong hypomorphic CYFIP condition induces rough eyes. (A) Western blot
showing CYFIP protein levels in wild type (wt) and hypomorphic CYFIP85.1/EP3267
(CYFIP-hypo) ﬂies. Four pharate head equivalents were loaded per lane, β-tubulin sig-
nals demonstrate equal loading. Note the very low CYFIP amounts in CYFIP-hypo ani-
mals. (B) External morphology of a representative CYFIP-hypo eye. Note the mild
rough appearance and the randomly positioned dark lenses (arrows). (C–D′) Scanning
Electron Microscopy (SEM) acquisitions of wt (C, C′) and CYFIP-hypo (D, D′) eyes at low
(200×; C, D) and high (800×; C′, D′) magniﬁcation. Arrow in the inset in (D) points to
fused ommatidia. Other arrows in (D, D′) point to ommatidia that show loss of smooth
surface and intrusions due to lens material loss. Arrowheads in (D, D′) indicate abnor-
mal bristle shape. Scale bar: (C, D), 100 μm, (C′, D′), 20 μm.the lamina (Fig. 2B′, asterisks). The FM is mispositioned, leading to a
markedly reduced retina depth (Fig. 2B′ vs. A′, arrowheads).
To exclude that defects in other genes contribute to the observed
phenotypes, we re-expressed CYFIP in the hypomorphic background.
As EP3267 is a functional UAS-CYFIP allele (Fig. S1, A–F)(Schenck et al.,
2003), we crossed the GMR-Gal4 driver (Freeman, 1996) in and found
that eye morphology is fully rescued (100% penetrance) (Fig. 2C,C′).
Moreover, these eyes never exhibit dark lenses, demonstrating that
both CYFIP-hypo external and internal eye phenotypes are speciﬁcally
due to loss of CYFIP. As expected, the eye-speciﬁc GMR-Gal4 depen-
dent expression did not rescue lethality.
In order to address the consequences of complete CYFIP loss, we
generated clones using an FRT, CYFIPΔ85.1 chromosome (Schenck
et al., 2003) and the eye-speciﬁc Flipase system (Newsome et al.,
2000). Homozygous CYFIP null clones, highlighted by absence of pig-
mentation (Fig. 2D,D′), show the entire spectrum of defects observed
in CYFIP-hypo ﬂies, without signiﬁcant further increase in phenotype
strength (Fig. 2B,B′ vs. D,D′). Thus, a critical threshold of CYFIP pro-
tein is essential for normal eye morphogenesis, which is already fallen
short of in CYFIP-hypo ﬂies. A single exception is the occurrence of
fused ommatidia, the frequency of which is increased in CYFIP null
conditions (Fig. 1D) (CYFIP-hypo, 2 fusion events per eye, n=60;
CYFIP null clones, 31 fusion events per eye, n=12). Taken together,
these data uncover CYFIP as a key player of retina development.
CYFIP regulates organization of the fenestrated membrane cytoskeleton
In order to address the origin of the CYFIP-hypo eye phenotype,
particularly of the PR present in the lamina, we investigated the in-
tegrity of the FM, the structure formed by 2° and 3° pigment cell
feet. Because of the well-established role of CYFIP in Actin remodel-
ing, we labeled the F-Actin cytoskeleton using Phalloidin. The FM con-
sists of Actin-based units organized into a honeycomb-like Actin
array (Fig. 2E, see Phalloidin in green), each unit corresponding to
one ommatidium (Fig. 2E, see also scheme Fig. 4 and (Wolff and
Ready, 1993)) (Fig. 2F). Loss of CYFIP affects the Actin-rich array
both on the (sub)cellular and tissue level (Fig. 2G,H). It compromises
the strikingly organized, ﬁlamentous Actin organization (Fig. 2G,H vs.
E,F) and abolishes polarized accumulation of dense cortical Actin lat-
tice near the inner and outer lateral membrane of pigment cells
(Fig. 2H vs. F, arrowheads).
Subcellular localization of Moesin, an Actin-membrane linker that
normally separates the two pigment cells feet cortical Actin zones and
may represent a membrane anchor for the stress ﬁbers revealed by
Phalloidin (Fig. 2F, asterisks), is also affected in CYFIP eyes (Fig. 2H,
asterisk). The defects in FM integrity and organization raised the pos-
sibility that a compromised retina base fails to keep the PR in place in
the retina, a hypothesis that we address further below.
CYFIP determines photoreceptor morphology and subcellular organization
We performed Transmission Electron Microscopy (TEM) analyses
and found that over 30% of CYFIP PRs possess ectopic membrane pro-
trusions projecting from PR stalks, a phenomenon never observed in
wt PRs (Figs. 3B, S2, asterisks). Further on, the integrity of the rhabdo-
mere base or subrhabdomeric space (SRS), involved in protein traf-
ﬁcking between cytoplasm and rhabdomeres (Kumar and Ready,
1995; Zars and Hyde, 1996), appears compromised as in the vast ma-
jority of CYFIP-hypo PRs gaps occur between rhabdomere and cyto-
plasm (Fig. 3A–B′).
Ultrastructural analyses conﬁrmed the bulky rhabdomere pheno-
type at distal levels of the retina (94% penetrance, n=114)(Fig. 3A–B′)
and revealed that these rhabdomeres comprise massive amount of
membrane that occupies an area that is double as large as normal (2.8
vs. 1.4 mm2, Fig. S3A) and are often bilobate, in some cases even trilo-
bate (47% and 17%, respectively) (Fig. S2). Interestingly, despite their
Fig. 2. Loss of CYFIP causes dramatic defects in retina architecture. (A–D′) Histological and (E–H) immunohistochemical analyses of CYFIP retinal phenotypes. (A′–D′) show longitudinal
sections, distal to the top, retina base to the bottom. (A–D) and (E–H) panels show transversal sections. Genotypes are: wt in (A, A′, E, F); CYFIP85.1/EP3267 (CYFIP-hypo) in (B, B′, G, H);
GMR-Gal4/+; CYFIP85.1/EP3267 (rescue) in (C, C)′; and CYFIP85.1 (CYFIPnull; induced in ey-FLP/+, FRT82B CYFIP85.1/FRT82B w+ ﬂies) in (D, D′). (A–D′) Arrows point to bulky rhabdomeres
that failed to extend to the retina base, arrowheads indicate position of the FM, asterisks label PRs fallen through the FM. Note that retina depth is signiﬁcantly reduced in CYFIP eyes (B, D).
(E–H)Green labeling is Phalloidin, highlighting F-Actin, red labeling isMoesin. (E, G)Actin array at the level of the FM inwt and CYFIP-hypo ommatidia. (F, H)Actin-Moesin organization in
wt and CYFIP-hypo ommatidia. Scale bar: 5 μm, except for (D′) 10 μm.
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rhabdomeres (Figs. 3A–B′, S2).
The area underneath the SRS that is devoid of organelles and is
rich in F-Actin is called rhabdomere Terminal Web (RTW) and has
been proposed to provide an essential morphogenetic constrain to
rhabdomere development (Karagiosis and Ready, 2004). We assessed
the area that the RTW occupies relative to the total area of rhabdo-
meres in wt and mutant PRs, reasoning that if the RTW was set up
properly underneath the rhabdomere, it should occupy an area
whose increase would be proportional to the increased area of the
rhabdomere. However, the substantial increase of rhabdomere sur-
face in CYFIP mutants (2x) compared to that of wild type eyes is not
accompanied by a comparable increase in RTW area (1.2×, 2.50 vs.
2.01, p=0.02, Fig. S3A). Thus, although the RTW forms all along the
CYFIP rhabdomere base, it extends less into the PR cytoplasm, so or-
ganelles are mislocalized and take position closer to the SRS (Fig. 3
C,D, orange dotted line). This suggests that defects in RTW assembly
are not secondary to distally expanded rhabdomeres. It also calls for
RTW playing a role in proximal rhabdomere extension.
Next, we visualized Actin distribution and density by immunogold
labeling. In the proximal sections of CYFIP eyes, ommatidia are mostly
devoid of rhabdomeres and poor of Actin labeling (data not shown).
In distal sections, Actin labeling is strongly decreased both in CYFIPrhabdomere and RTW area (Fig. S3B). Yet, western blot analysis of
total pupal head extract at 90% pupal development (pd) indicates
equal levels of Actin in CYFIP-hypo and wt conditions (Fig. S3C), sug-
gesting differences in Actin distribution rather than accumulation. In-
deed, in wt PRs, Actin labeling is highly concentrated in the RTW but
rarely detected between the organelles. In contrast, Actin labeling is
often detected between the organelles in the cytoplasm of CYFIP-
hypo PRs (Fig. 3 C–F).
Because of the ultrastructural anomalies in the RTW territory, we
performed double immunolabeling with the only known RTW
markers: Actin (Fig. 3G, arrows) and Moesin, the latter of which high-
lights the entire brush-like RTW structure (Karagiosis and Ready,
2004) (Fig. 3I, arrows). In agreement with the TEM analysis, Actin ﬁ-
bers that normally extend from the SRS into the RTW are absent in
CYFIP-hypo PRs (Fig. 3H vs. 3G). Finally, and as in the case of the FM,
Moesin is mislocalized and appears cytosolic in CYFIP null PRs
(Fig. 3J). In sum, RTW integrity depends on CYFIP.
CYFIP and the local actin network requirement at adherens junctions
Throughout morphogenesis, retinal cells are connected with each
other by Adherens Junctions (AJs), of which N-cadherin (N-cad),
Actin and Armadillo (Arm) are core components (Cox et al., 1996;
Fig. 3. CYFIP is required for photoreceptor morphogenesis and RTW organization. Trans-
versal views in all panels. Genotypes are wt for (A, C, E, G, I); CYFIP-hypo for (B, B′, D, F,
H, J). (A–B′) Histological sections. Adherens Junctions (AJs) are labeled by small arrows
and membrane protrusions projecting into the IRS are labeled by asterisks. Arrowheads
indicate gaps in the organization of the subrhabdomeric space (SRS). (C–F) Electromicro-
graphs with anti-Actin immunogold labeling. (C–D) Orange dotty line separates RTW
from PR organelles. Arrows indicate Actin labeling in the area between the organelles.
(E, F) Highmagniﬁcation fromother acquisitions, asterisks also showingActin distribution
in-between the organelles. Green continuous lines enclose Actin immunogold labeled area
inwt and CYFIP-hypo. Blue dotty line encloses examples of endoplasmic reticulum in each.
(G-J) Green labeling is Phalloidin, Red labeling is Moesin (arrow). (G) F-Actin ﬁbers, par-
ticipating in the formation of the RTW, reach from the SRS into the PR cytoplasm (arrows).
(H) No F-Actinﬁlaments are seenonto bulky CYFIP-hypo rhabdomeres. (I, J)Moesin ismis-
localized in CYFIP-hypo. White dashed lines outline rhabdomeres. Scale bar: (A–B′) 1 μm,
(C, D) 0.25 μm, (E, F) 0.1 μm, (G–J) 5 μm.
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PRs are compromised as they lose their typical electron-dense features
(Fig. 3B vs. 3A, arrow). These observations appear particularly relevant
in light of the striking similarity between bulky, distally accumulated
CYFIP-hypo rhabdomeres and a previously reported mutant condition:
crumbs (crb). Crb, whose human ortholog is implicated in retinal dys-
trophies (Richard et al., 2006), is required for proper position and integ-
rity of photoreceptor AJs (Izaddoost et al., 2002; Pellikka et al., 2002)
and for rhabdomere expansion toward the retina base (Izaddoost
et al., 2002; Pellikka et al., 2002). crb expression is not itself affected inCYFIP-hypo animals (data not shown), we therefore investigated the lo-
calization of Arm, which is compromised in crbmutants, by TEM immu-
nogold and by confocal epiﬂuorescence. Arm localizes at junctions as in
wild type eyes (Fig. S4A,B, black arrows, and C,D). A slightly wider Arm
labeling suggests that junctional territories are less conﬁned in CYFIP-
hypo PRs and the same is true for N-cad. Total Arm and N-cad levels are
not signiﬁcantly different in CYFIP-hypo animals (Western blot analysis
of head extracts, Fig. S3C and data not shown). Finally, anti-Actin labels
the AJs of both wild type and CYFIP-hypo PRs (Fig. S4E, F). A trend to de-
creased Actin labeling in CYFIP-hypo animals (3.87±0.33 vs. 3.18±0.31,
in wt vs. CYFIP-hypo), (AJ n≥45 per genotype, p=0.066) (Fig. S4G) sug-
gests that the aberrant AJ morphology might arise from local defects in
the Actin meshwork.
In sum, AJs appear correctly speciﬁed, yet are structurally compro-
mised in CYFIP mutant condition.
Early events in CYFIP-dependent eye morphogenesis
In order to identify causative events of CYFIP-hypo eye defects, we
performed immunolabeling at an early developmental stage, 48 h
after puparium formation (APF), which corresponds to 50% pd. At
this stage, apical surfaces are forming rhabdomeres within the center
of each ommatidium (Fig. 4A,E, lateral view, C,G transversal view).
Rhabdomere formation, which is accompanied by increasing apical
enrichment of F-Actin (Fig. 4G, green labeling) starts distally and
then elongates proximally (Fig. 4A, vertical while arrow). Strikingly,
extension of mutant CYFIP-hypo rhabdomeres is already affected at
this early stage: lack of apically accumulated Actin between AJs can
already be observed at intermediate levels (PR level) along the
distal-proximal axis (Fig. 4I,K, arrowheads). This observation strongly
argues that a growing Actin network is a prerequisite to rhabdomere
extension.
At 50% pd, PR–PR, PR-cone and PR-Pigment cell AJs labeled by Arm
form a cage-like structure (Fig. 4A,E,M and (Izaddoost et al., 2002)). In
wt conditions, this cage is sharply constricted at its proximal site
(Fig. 4A,E,H,M, arrowheads) and sealed by an Actin-rich plug as
revealed by Phalloidin labeling. In CYFIP-hypo mutants, the Actin
plug is not properly formed and the proximal end of the Arm cage
does not, in contrast to wt, form a continuous, constricted, ring-
shaped, structure (Fig. 4l). A developmental snapshot at the same
pupal stage in a CYFIP null clone reveals the content of an ommatidium
(conﬁned by its AJs, Arm in red) “in ﬂagrante” falling right through the
underlying, defective, Actin plug (Fig. 4N). CYFIP is thus required to es-
tablish an early Actin structure that seals the developing ommatidia at
their base.
Distally in the CYFIP retina, we noticed a highly penetrant phenotype
in cone cell shape and conﬁguration (Fig. 4J). Cone cell behavior at the
distal level of the ommatidia has been studied in detail. It has been
shown that the pattern of these cells mimics the pattern formed by
soap bubbles when joined together (Fig. 4B,F) and is determined by
cell adhesion (Hayashi and Carthew, 2004). In CYFIPmutant conditions,
cone cells are frequently arranged in a linear order (Fig. 4J, inset), which
indicates that adhesion between ommatidia cells is corrupted by loss of
CYFIP. Together, these ﬁnding led us to conclude that adhesion and AJs
are compromised in the distal retina of CYFIPmutant eyes.
In contrast to these defects,Moesin localizes properly to the forming
rhabdomere base in CYFIP-hypo 48 hours APF pupae (Fig. 4O,P). This re-
veals that adult defects in Moesin localization are a consequence rather
than a cause of the observed PR defects and illustrates the utility of the
approach to determine early-onset phenotypes to distinguish between
direct and indirect developmental abnormalities in mutant conditions.
CYFIP expression and immunolocalization in retinal cells
To further distinguish between primary and secondary conse-
quences of CYFIP loss, we studied protein expression and subcellular
Fig. 4. Developmental analysis of CYFIP retinal defects. (A–D) Simpliﬁed schematic rep-
resentation of a wt ommatidium at 48 hour APF: PRs (green), PR rhabdomeres (dark
green), cone cells (light blue), 1° pigment cells (orange), 2° pigment cells (white), 3°
pigment cells (brown), bristle cells (yellow), AJs (red). (A) Lateral/longitudinal view.
Vertical arrow indicates increasing elongation of rhabdomeres and retina depth in
time. Note that for the ease of comparison AJs between photoreceptors have been pro-
jected into the depicted plane, whereas cone cell processes and R8 are not depicted and
difference in R cell apicobasal position at this stage are omitted for clarity. (B–D) Trans-
versal representations at three levels of the retina cone cell level (cone), PR level (PR)
and basal level (basal), the position of which is indicated in (A) (arrows on the left). R
cell processes are not shown. (E–P) same stage as above. (E–L) Whole mount immuno-
labeling of a pupal eye disk (A–D). In green Actin (labeled by Phalloidin), in red AJ
marker Arm. (E, I) Lateral view reconstructions of transversally acquired confocal se-
ries, three of which are shown in panels (F–H) and (J–L). Genotypes are indicated on
top. Arrowheads in (A, E, H, M) point to basal restriction of Arm positive junctions in
wt ommatidia. Arrowheads in (K) indicate lack of Actin-rich rhabdomeres at this
level of the developing retina. (M, N) Longitudinal view, same labeling as above, geno-
types on the top. (O, P) Localization of GFP::Moesin at the PR level, in the genetic back-
grounds indicated on top. Scale bar: 5 μm.
42 A. Galy et al. / Developmental Biology 359 (2011) 37–46localization in the developing retina using an anti-CYFIP antibody.
First, to address antibody speciﬁcity, we probed eye sections carrying
CYFIP null clones. At 48 hours APF, when defects are already detect-
able in CYFIP mutants, anti-CYFIP labeling predominantly accumu-
lates near PR apical surfaces but also highlights ommatidia and, to a
lesser extent, PR margins. This labeling is speciﬁc since it is absent
in CYFIP null mutant clones (Fig. 5A,A′, delineated by dashed line).Confocal microscopy acquisitions at three levels of the retina (cone
cells: Fig. 5B–B′′, PRs: C–C′′, FM: D–D′′, for schematic representation
see Fig. 4A–D, respectively) reveal that CYFIP expression is not re-
stricted to PRs (Fig. 5C panels) but also expressed in cone (Fig. 5B
panels) and pigment cells (Fig. 5D panels). In all retinal cell types,
CYFIP is localized in a ﬁne dotty pattern in the cytoplasm (like in
other tissues such as muscles (Schenck et al., 2003)) that may corre-
spond to AP-1 coated transport vesicles on which mammalian CYFIP
has recently been detected (Anitei et al., 2010). In PRs, CYFIP also
highlights the apical domain, where its pattern overlaps with both
membrane-targeted GFP (memGFP) and Actin labeling (Fig. 5 C′,C′′).
Dissecting cell speciﬁcity of CYFIP phenotypes
Since CYFIP is expressed in several cell types, we asked whether the
observed mutant phenotypes are due to CYFIP deﬁciency in PRs, in pig-
ment and/or in cone cells. To address this issue, we applied two different
genetic strategies: i) cell-type speciﬁc rescue of CYFIP hypomorphic con-
dition and ii) cell-type speciﬁc CYFIP knockdownby inherited RNA inter-
ference (RNAi) (for validation of RNAi tools, see Fig. S1, B,C). To convey
cell-speciﬁc manipulation in the retina, several Gal4 drivers were tested
for their expression speciﬁcity. The Lozenge-Gal4 (Lz-Gal4) driver, an
enhancer-trap insertion into the lozenge locus (Jackson Behan et al.,
2005), drives expression of Gal4, UAS-GFP in all cone and pigment cells
but not in PRs at any larval, pupal and adult stages tested (Fig. 6A–C
and data not shown). Reexpression of CYFIP in the hypomorphic CYFIP
background using the Lz-Gal4 driver completely restores FM integrity
(Fig. 6D, arrowheads). Consequently, PRs are kept in place and do not
fall into the lamina (Fig. 6D). Further on, dark necrotic lenses are absent
(Fig. 6D and data not shown). Under the same conditions, bulky rhab-
domeres are found in some ommatidia (Fig. 6E), although such defects
are less abundant than in CYFIP-hypo eyes (compare Fig. 6D,E with
Fig. 2B,B′). In perfect agreement, pigment and cone cell speciﬁc knock-
down of CYFIP using Lz-Gal44 induced RNAi disturbs pigmentation/pig-
ment cells at the PR level (Fig. 6G, arrowheads) and disrupts FM
integrity, thus causing PRs to fall through the retina base (Fig. 6F, aster-
isks). In the same genotype, no bulky rhabdomeres were observed
(Fig. 6G; n=350). Somewhat surprising, also lenses are intact (Fig. 6F,
arrowhead). We also knocked down CYFIP in pigment and cone cells
in a sensitized, heterozygous CYFIP background (Lz-Gal4/+; UAS-CYFIP
RNAi 2c/+; UAS-CYFIP RNAi 4b/CYFIPΔ85.1). Again, the FM is corrupted
and no bulky rhabdomeres were observed (data not show).
In sum, the defects observed in CYFIP eyes result from CYFIP deﬁ-
ciency in different cells.
Mutations in other components of the actin remodeling SCAR-ARP2/3
pathway phenocopy CYFIP defects
In order to test whether CYFIP executes its Actin organizing proper-
ties via the SCAR-ARP2/3 pathway,we askedwhether CYFIP phenotypes
are phenocopied by interfering with function of other components of
this pathway, such as SCAR or ARP2/3 complex subunits. Since muta-
tions in any of these proteins are lethal, we generated and analyzed
eye-speciﬁc null clones (see above) for SCAR (SCARΔ37) and for two al-
leles of a subunit of the ARP2/3 complex (Arpc1Q25sd and Arpc1W108R
(Hudson and Cooley, 2002)), the major effector of the WAVE/SCAR
complex and of WASP (Hudson and Cooley, 2002; Zallen et al., 2002).
Indeed, loss of WAVE/SCAR induces a rough eye phenotype includ-
ing misaligned and fused ommatidia, crater-like intrusions ((Zallen et
al., 2002) and Fig. 7D) as well as abnormal bristle shape (bent) and
number and position (Fig. 7D), very similar to the phenotype observed
in CYFIPmutants (Fig. 1). Analysis of internal eye morphology revealed
short and bulky rhabdomeres, PRs fallen through the FM accompanied
by a decreased retina depth and disturbed Actin-based cytoskeletal ar-
chitecture (Fig. 7A–C and data not shown). SCAR defects thus pheno-
copy the whole spectrum of CYFIPmutant phenotypes.
Fig. 5. CYFIP expression and subcellular localization in the Drosophila retina. (A–A′′) Low magniﬁcation of a retina containing a CYFIP null clone, labeled with anti-CYFIP antibody
(A: in gray, A′, A′′: in red). The CYFIP null clone is identiﬁed by absence of membrane-anchored GFP signal (memGFP in green, panel A′). Its position is indicated in all channels by
white dashed lines. F-Actin is labeled by Phalloidin (blue). (B–D′′) High magniﬁcations of wt ommatidia showing CYFIP expression at cone (B–B′′), PR (C–C′′) and basal level (D–D′′).
memGFP in green, Phalloidin in blue. C indicates cone cell, PR, photoreceptor, 2 and 3, 2° and 3° pigment cells. Scale bar: 5 μm.
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marked absence of interommatidial bristles, due to a deﬁcit in
WASP-mediated cell fate decisions and also show an irregular omma-
tidia array and crater-like intrusions ((Zallen et al., 2002) and
Fig. 7H). Strikingly, also in Arpc1 mutant conditions, hallmarks of
CYFIP mutant architecture - short and bulky rhabdomeres, PRs fallen
through the FM accompanied by decreased retina depth and dis-
turbed Actin-based cytoskeletal architecture (Fig. 7E–G and data not
shown) — are recapitulated. Although we cannot formally exclude
that other potential defects on SCAR and Arpc1 FRT chromosomes
have an impact, the obtained CYFIP phenocopies strongly argue that
the CYFIP-SCAR-ARP2/3 signaling pathway is in charge of Actin remo-
deling in the above-described aspects of Drosophila eye development.
WAVE and WASP have been proposed to generate branched Actin
networks in speciﬁc subcellular contexts and processes. The primary
role of WAVE is to project the plasma membrane in migration struc-
tures such as the lamellipodium required for cell migration whereas
WASP-generated branched Actin networks have been shown to inter-
nalize patches of the plasmamembrane through endocytosis (reviewed
in (Derivery and Gautreau, 2010)) or built apical actin rich structures
that can serve as a landmark for trafﬁcking and delivery of Delta-
containing vesicles during external sensory organ development (Rajan
et al., 2009). Nevertheless, recent data on more promiscuous roles and
possible intersections between the two pathways (Anitei et al., 2010)(Bogdan et al., 2005; Kondylis et al., 2007) prompted us to compare
the photoreceptor phenotype of CYFIP and WASP animals. Clearly,
WASP null rhabdomeres show only very minor abnormalities in shape
that neither in strength nor in penetrance compare to the severe defects
found in CYFIP, SCAR and Arpc1mutants (Fig. 7J and (Zelhof and Hardy,
2004)). Importantly, WASP deﬁcient adult PRs do not show failure in
rhabdomere extension (Fig. 7I) and that the FM is intact (Fig. 7I, ar-
rowheads), preventing PRs from falling into the brain. Finally, retina
depth and external morphology, besides missing bristles, are normal in
WASP eyes (Fig. 7I,K).
Taken together, our data on the Drosophila eye provide evidence
for Actin-driven and cell-type speciﬁc morphogenetic processes
under the control of the CYFIP-SCAR-ARP2/3, not WASP-ARP2/3, sig-
naling pathway.
Discussion
Actin cytoskeleton remodeling is a widespread and important bio-
logical process. One of the most challenging issues is to characterize
the relative contribution of the different Actin remodeling pathways
and their cell-speciﬁc requirements in multicellular and developmental
contexts. Using the developing Drosophila eye, we show that the CYFIP-
dependent SCAR-ARP2/3 Actin nucleation pathwayplays highly speciﬁc
roles in different cell types, orchestrating their stereotypic arrangement
Fig. 6. Cell speciﬁcity of CYFIP phenotypes. (A–C) Characterization of Lz-Gal4 driver during development. Lz-Gal4; UAS-GFP in green. (A, B) Lz-Gal4 expression during larval (L3)
stage. PRs, revealed by 24B10 immunolabeling (red), (C) Cone cell. Insets show one ommatidium in separate channels and merged. Note that Lz-Gal4; UAS-GFP and neuronal
24B10 labeling are strictly exclusive. (A) Pattern near the surface of the eye disk. (B) Pattern deeper into the tissue. (C) Lz-Gal4 expression pattern in a 48 hour APF eye. F-Actin
highlighted by Phalloidin labels rhabdomeres (red), DAPI labels nuclei (blue). (D, E) Cone and pigment cell-speciﬁc rescue (compare with Fig. 2B, B′) in Lz-Gal4; CYFIP85.1/EP3267
ﬂies. Arrowheads in (D) (longitudinal view) indicate the level of the FM, arrows in E (transversal view) point to PRs that exhibit the bulky rhabdomere phenotype. (F–H) Cone and
pigment cell-speciﬁc knockdown in Lz-Gal4/+; UAS-CYFIP RNAi 2c/+; UAS-CYFIP RNAi 4b/+ ﬂies. Arrowheads in (F) (longitudinal view) indicate the level of FM. Note the PRs fallen
below the FM and the markedly reduced depth of the retina. Arrowheads in (G) (transversal view) point to corrupted pigmentation within an otherwise normal ommatidium. Scale
bar: 5 μm.
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ways affect distinct processes within the same tissue and cell.
WAVE and WASP and the cellular forces in eye morphogenesis
As the ﬂy retina develops from an 18 μm epithelium into the adult
100 μm deep tissue, cells are subjected to forces and extensively reor-
ganize. While the events triggering cell fate determination have been
thoroughly investigated, the nature, forces and molecular executors
of the late morphogenetic events are still poorly understood. Actin cy-
toskeleton is highly implicated in the formation and stability of mi-
crovillar rhabdomere, a structure that resembles enteric microvilli
(Arikawa et al., 1990). F-Actin accumulates at the apical membrane
at the time of microvillus initiation and it has been hypothesized
that this resembles the membrane protrusion processes controlled
by WAVE and WASP dependent Actin nucleation (Zelhof and Hardy,
2004). Previous studies showed that WASP mutant ﬂies display,
with low incidence, misshapen rhabdomeres due to a temporal
delay in rhabdomere growth and F-Actin seems to accumulate nor-
mally (Zelhof and Hardy, 2004). We ﬁnd that CYFIP accumulates at
the apical membrane at the time of rhabdomere growth and that its
lack affects F-Actin accumulation as well as rhabdomere expansion.
Mutations in WAVE/SCAR, another component of the same protein
complex and the direct activator of the Actin nucleating ARP2/3 com-
plex, as well as mutations in an ARP2/3 complex component itself,recapitulate all aspects of CYFIP defects (this work and data not
shown). Thus, WAVE and WASP provide distinct functions and the
WAVE complex emerges as a major regulator of rhabdomere initia-
tion of expansion.
Within the PR, the Actin-based RTW extends from the base of the
rhabdomere into the cytoplasm. The presumed role of Actin growth is
to push the rhabdomere out of their cytoplasm, thereby contributing
to proper PR architecture (Ready, 2002); in CYFIP eyes, RTW forma-
tion is also affected. Notably, mutations in Moesin, a membrane cyto-
skeletal linking protein and the accepted marker of RTW, also cause
bulky rhabdomeres (Karagiosis and Ready, 2004). Moreover, Moesin
is mislocalized in CYFIP eyes, arguing that the role of CYFIP is, at
least in part, mediated by Moesin.
The FM holds the pressure exerted from extending rhabdomeres
by sealing the midpupal retina base with Actin-based contractile
rings that pigment cells must contribute to (Fig. 4). As a consequence
of a failure to form intact contractile rings and a resulting increased
permeance in CYFIP mutant eyes, PRs fall through the holey FM into
the ﬁrst central relay of the visual system, the lamina. Forces estab-
lished in the retina through extending rhabdomeres and an intact
FM holding against them are crucial to guarantee the demanding ret-
ina deepening during pupal development, as exempliﬁed by the
strongly diminished depth of the CYFIP retina. In sum, CYFIP (and
similarly of WAVE/SCAR) affects FM, RTW morphology and rhabdo-
mere growth, whereasWASPmutation leaves these structures grossly
Fig. 7.Mutations in SCAR or ARP2/3 complex subunits, but not inWASP, phenocopy de-
fects caused by loss of CYFIP. (A–D) Phenotypes of adult homozygous SCARΔ37 eye
clones, induced in ey-FLP/+, FRT40A SCARΔ371/FRT40B w+ (SCAR) ﬂies. (E–H) Pheno-
types of adult homozygous Arpc1Q25sd eye clones, induced in ey-FLP/+, FRT40A
Arpc1Q25sd/FRT40A w+ (Arpc1) ﬂies. (I–K) Phenotype of adult WASP1/Def(3)3450
(WASP) escapers. (A, C, E, G, I, J) Histology of indicated genotypes. (A, E, I) Longitudinal
sections. (C, G, J) Transversal sections. (B, F) Cryosections of indicated phenotypes, la-
beled with Phalloidin. (A–C, E, F, I) Arrowheads indicate level of the FM, asterisks label
PRs fallen below, and arrows point to bulky rhabdomeres. Black squares in (C, G) indi-
cate heterozygous, intact ommatidia near mutant homozygous clones. (D, H, K) Scan-
ning SEM of SCAR, Arpc and WASP mutant eyes. Arrows highlight fused
ommatidia/lenses, arrowheads point to abnormal bristles. Scale bar: (D, H, K) 10 μm,
5 μm for the rest.
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ARP2/3 complex act in different developmental contexts and, within
the same tissue, have unique roles in building its architecture.
Finally, conditional mutations demonstrate the cell-speciﬁc con-
tributions of the CYFIP pathway. In pigment cells, CYFIP organizes
the FM cytoskeleton, an indispensable constrain to separate eye and
brain tissues, illustrating the physical forces at work in the two tissues
during development. Our data also highlight the important cell au-
tonomous and non-autonomous roles of the cone cell foot complex
in FM integrity and PR morphogenesis, respectively. The CYFIP cone
phenotype depends on a sensitized background whereas PR and pig-
ment cell phenotype do not, which illustrates that the required
threshold levels of CYFIP are cell-type dependent. The bulky rhabdo-
mere likely represents a compound phenotype, as suggested by the
lower penetrance observed upon CYFIP rescue in cones and pigment
cells (Fig. 6D,E and data not shown). While we cannot formally ex-
clude residual PR expression (below detection level, see Fig. 6A–C)
driven by Lz-Gal4, we favor the idea that compromised cone andpigment cells enhance a PR cell-autonomous phenotype (lack of api-
cal F-Actin accumulation and compromised RTW) by diminishing lat-
eral forces necessary for PR morphogenesis.
CYFIP, actin and adherens junctions
AJs are committed in the early speciﬁcation of eye imaginal disk to
keep retinal pattern intact. CYFIP mutation and the resulting defects
in Actin cytoskeleton formation disturb AJ integrity, as in CYFIP eyes,
AJs are correctly speciﬁed but are loosened. The PRs that fall through
the FM suggest compromised junctional strength too. In mammalian
cultured cells, CYFIP knock down leads to a wider distribution of E-
cadherin and a more diffuse Actin staining, from periphery to deep
cytoplasm (Silva et al., 2009). This resembles our observation in
CYFIP deﬁcient AJs, highlighting the fact that, while AJs are well
known to regulate Actin cytoskeleton remodeling, the reciprocal is
also true.
Interestingly, while CYFIP animals show loose AJs, twinstar (tws)
eyes, which carry mutation in the Drosophila coﬁlin gene and also dis-
play large distal rhabdomere due to lack of Actin depolymerization, dis-
play enlarged but relatively compact AJs (Pham et al., 2008). Moreover,
the short and enlarged tws rhabdomeres never fall through the FM.
These data highlight different roles of distinct Actin remodeling path-
ways (Actin ﬁlament (de)polymerization vs. nucleation/branching).
The molecular toolbox for actin remodeling in the eye: the WAVE/SCAR
complex
Phenotypes resembling those of CYFIP eyes, particularly FM and PR
defects, have previously been reported. To our knowledge there was
however prior to this study, not a single mutant that combined
these two classes of defects. Rhabdomere elongation defects have
been reported in crb and twinstar mutants, whereas mutations in
lozenge, rugose, pebbled and canoe display PRs fallen through the
FM. Do these mutants share one or the other phenotypic aspect
with mutations in the CYFIP-SCAR-ARP2/3 pathway due to defects
in function or integrity of a speciﬁc retinal cell type or do they reveal
further components of the same molecular process (Actin remodel-
ing) or network? Pebbled is a putative transcription factor (Yip et al.,
1997) required to accumulate F-Actin duringdorsal closure and thought
to control Actin cytoskeleton dynamics (O'Keefe et al., 2009; Oliva
and Sierralta, 2010; Reed et al., 2001). Canoe is a direct effector of
small GTPases Ras1 (Boettner et al., 2003; O'Keefe et al., 2009) that
regulates adhesion between cells and the Actin cytoskeleton and lo-
calizes in vivo to tight or adherens junctions (Takahashi et al., 1998)
(Matsuo et al., 1997). Thus, pebbled and canoe likely phenocopy
CYFIP defects based on the joined molecular process that these mol-
ecules regulate in pigment cells. The twinstar phenotype, accompanied
by structural defects as short microvilli (Pham et al., 2008), is in line
with the well-characterized role of Coﬁlin in Actin depolymerization.
The Crb transmembrane protein provides an apical membrane
platform that controls several processes during eye development: AJ
integrity, stalk growth and rhabdomere expansion (Izaddoost et al.,
2002); (Pellikka et al., 2002) (Pichaud and Desplan, 2002). Moreover,
this latter phenotype can be mediated by both the membrane bound
intracellular domain and by the extracellular domain, possibly by
recruiting a still unknown protein to the apical membrane (Richard
et al., 2009). Thus, clarifying the intersection between the two pathways
will need a thorough understanding of the Crb signaling cascade. Given
the impact of Crb1 mutations in human retinal dystrophies (Richard
et al., 2006), however, components of the CYFIP-SCAR-ARP2/3 pathway
might represent promising candidates for these disorders.
Finally, activation of the WAVE complex depends on upstream sig-
naling pathways mediated by small Rho GTPases of the Rac family.
CYFIP does physically interact with Rac1 in ﬂies. Moreover, the CYFIP
rough eye and synaptic phenotypes are modiﬁed by Rac1 mutations
46 A. Galy et al. / Developmental Biology 359 (2011) 37–46(Schenck et al., 2003). Since Rac1 and Rac2 double knock outs did not
reveal major changes in F-Actin accumulation (Zelhof and Hardy,
2004), it will be interesting, in the future, to analyze the combined
role of all the Drosophila Rac genes in the CYFIP pathway that controls
PR and FM development.
Our data provide evidence for speciﬁc Actin-driven, morphogenetic
processes involved in the remodeling of the Drosophila eye, under the
control of the CYFIP-SCAR-ARP2/3, not WASP-ARP2/3, signaling path-
way. We predict that this theme will hold true for the morphogenetic
processes shaping other complex tissues.
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